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The rate of subcritical crack growth in a metaphosphate firmed many times in various mechanical test geometries and
Nd-doped laser glass was measured using the double- also for both gaseous and liquid water environments.

cleavage-drilled compression (DCDC) method. The crack There is abundant literature on the crack growth of silicate
velocity is reported as a function of stress intensity at tem- glasses, but to our knowledge no data exist on phosphate
peratures ranging from 296 to 573 K and in nitrogen with glasses. Multicomponent phosphate glasses are important as

water vapor pressures ranging from 40 Pa (0.3 mmHg) to hosts for laser ions, especially in applications where high out-
4.7 x 10 Pa (355 mmHg). The measured crack velocities  put energy and high peak power are requitékhese glasses
follow region 1, Il, and Ill behavior similar to that reported are excellent laser ion hosts, but suffer from several problems.
for silicate glasses. A chemical and mass-transport-limited ~ One problem is that phosphate glasses are readily attacked by
reaction rate model explains the behavior of the data except ~ water, much more so than silicate glasses. Another problem is
at high temperatures and high water vapor pressures that these glasses have significantly lower fracture toughness

where crack tip blunting is observed. Blunting is charac- than silicate glasses (approximately 0.4-0.5 MiP& for
terized by an arrest in the crack growth followed by the metaphosphaté$ and 0.7-1.1 MPan*? for silicates).

inability to reinitiate slow crack growth at higher stresses. Initially we attempted to measure slow crack growth in these
A dynamic crack tip blunting mechanism is proposed to glasses as a function of temperature and humidity using the
explain the deviation from the reaction rate model. DCC geometry. However, preliminary measurements proved

unsuccessful. Whenever a crack formed in the specimen, it
) grew so rapidly that useful data could not be obtained. There-
I. Introduction fore, a different approach was taken. An alternative geometry
first proposed by Janssewnffered a solution. The geometry,
OXIDE glass under tensile stress can exhibit enhanced slowknown as the double-cleavage-drilled compression (DCDC)
crack growth in the presence of water or water vapor. geometry (Fig. 1(b)), features a stress intensity tieireases
Although there is considerable debate about the exact mechaas the cracks grow under a constant applied load. When this
nism, it is generally accepted that water vapor attacks the re-sample is loaded in compression, the top and bottom of the hole
gion around the crack tips of surface flaws, weakening the experience a tensile stress which, under sufficient load, leads to
structure in the vicinity of the crack tip. This allows cracks to the formation and growth of a pair of opposing cracks. The
grow at stress intensities below the critical vallg.) for frac- stress intensity decreases as the crack tips move farther away
ture in a dry environment. from the hole, so the crack growth rate decelerates as the crack
The experimental characterization of this phenomenon was grows. Thus this geometry is more stable since the cracks are
first accomplished by Wiederhotnon soda-lime silicate  slowing down continuously. The one disadvantage of this ge-
glasses. Wiederhorn used a geometry known as the doubleometry is that there is no analytical solution for calculating the
cantilever cleavage (DCC) technique (Fig. 1(a)) to measure stress intensityk,, as a function of crack lengti, Janssen
crack velocity ¥) versus stress intensit(). The stress inten-  offered a solution by finite element analysis for determirtiag
sity was calculated analytically from the sample geometry, the This solution was later confirmed by Michalsk al.® who
applied load, and the crack length. It is important to note that also found an empirical equation that described the stress in-
with this geometry, the stress intensity increases as the cracktensity as a function of crack length for a substantial range of
length increases under a constant applied load, so the crackcrack lengths. The empirical equation is accurate to within 10%
velocity is continuously accelerating throughout the measure- of the “exact” solution offered by finite element analysis.
ment. Wiederhorn found that the stress intensity needed for ~An important consideration in the strength of brittle materi-
crack growth at a certain velocity increased as the water vaporals is crack tip blunting. In the original Griffith theofythe
pressure decreased, a strong indication that water was necesstrength of a sample is reciprocally proportional to the square
sary to weaken the structure. This observation has been con+oot of the crack length, under the assumption that all crack tips
have the same sharp radius of curvature. In the years that
followed, the fracture mechanics community continued to as-
- sume that all crack tips are atomistically sharp. However, there
S. W. Wiederhorn—contributing editor are many indications that the crack tip of glasses can be made
blunt. For example, it is known that the strength of abraded
glass rods increases after soaking in water. Ito and Tomdzawa
- ) showed that the strengthening of abraded silica glass by soak-
Dﬂﬂagn‘iffefr"P;’r\'n%riigagg;aﬁ‘éeg’gge?ﬁptembef 8, 1998; approved May 10, 1999. " jng in hot water is faster when the hot water contains silicic
Now at Ferro Corporation, Cleveland, Ohio  44131. acid (Si(OH),), and proposed that crack tip blunting occurs by
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@ surfaces containing the hole were polished prior to core drill-
PA ing. This is the same geometry used by Michalskal® Two
A opposing starter cracks were cut at the top and bottom of the
, — hole using a 0.3 mm diameter diamond-coated wire. Two stain-
i T g less steel hemispheres were cut from ball bearings and secured
| of PANNNNAN 7 to the top and bottom of the sample by mounting wax following
| [ =Lt y the procedure employed by Helfinstik& This was done to
L2 L T w ensure that the load was distributed evenly across the cross
%4 section of the sample, as opposed to the point or line loading

\ls possible if the end faces of the sample are not perfectly flat and
aligned with the compression grips.
The samples were loaded in a Model 8562 Instron, capable

(b) of both load and position control, with a 500 kg load cell. A
0.095-m-diameter x 0.14-m-long cylindrical environment
chamber was constructed with temperature control to within

T;'l"— »'F-D—'« about £1.5 K at 296 K to about £3 K at 673 K. The load was

controllable to within £0.1 kg, and the crosshead position to
within 1 um. The sample was loaded in compression between
two flat plates by slowly bringing the plates closer to each other
with the machine in position control. When a loadl®&-10 kg
Radius (a) was reached, the machine was switched to load control, _and t_he

/ load was increased to 20 kg. The sample was held at this point
N until the temperature and water vapor pressure conditions for
that particular run were achieved. Most of the runs, unless
otherwise noted, were done under controlled atmosphere con-
ditions. In humid atmospheres, the desired water vapor pres-
sure was generated by bubbling nitrogen gas through a water
bath kept at a constant temperature within £1°C at low tem-
v peratures at +2°C at high temperatures. Dry atmospheres were
- achieved by using a nitrogen gas flofvox 107 m3/s from a

Fig. 1. Typical sample geometries used for slow crack growth mea- Sgns(iir?rdtr?r%ﬁ]prrlegsl‘ieduigaﬁit?gliggeér eci)th:rr“é‘?'?; d'iltﬁ;g{sor by
surements: (a) Wiederhdrouble-cantilever-cleavage (DCC) geom- P g g q g yog p.

etry, and (b) Jansserouble-cleavage-drilled compression (DCDC) used from the compressed gas cylinder contained less than
geometry. Geometry (b) was used exclusively in these experiments. 2600 ppm HO by volume (manufacturer’'s specification)
whereas the cryogenically cooled, Montained an estimated
395 ppm HO by volume.

dissoluti d initati hani Laswral® of The position of the crack tip was monitored by use of a 14x
a dissolution and repreciprtation mechanism. ral.” ol- magnification cathetometer that could resolve a change in
fered an alternative explanation for this strengthening of crack tip position of about 1pm (diffraction limit). The cath-
abraded glasses. They proposed that residual stress was createf,eter crosshair was initially set at the bottom of the hole
around the flaws during the abrasion process and that the re-; b qownward growing crack was monitored relative to this
sidual tensile stress was released during the water soak, thugiariing point. The cathetometer crosshair position was con-
increasing the strength of the soaked samples. Later, Bando {5164 by a micrometer. After the temperature and humidity
al.* showed electron micrographic evidence for the presence poq equilibrated in the chamber, the load was raised to 100 Kg,

of g. bluntﬁ:raclr(] t'tp ml silica glass. I tible ¢ then raised in 10-kg increments until the crack was observed to
Ince pnosphate glass 1S generally more SUSceptible to walely .\, The crack was allowed to grow to at least 0.005 m in

?ﬁti‘:k thl??’ rr;)cl)st tglasses studied to d(?}e,. thehre |shatposi5|blllt length, in order to minimize transient effects from the pre-crack
at crack tip blunting occurs more readily In phosphateé glasses a4 a1so because the crack must be at least that long before

trllan in S|I|ca|t§ gllgs_ses. ALSO.' tT)? relatively [aof phosphate e emirical equation for the stress intensity becomes $alid.

glasses could aid In crack tip blunting at a given temperature, 1. initia| Joads necessary to observe growing cracks ranged
especially if viscous flow is the mechanism by which blunting from 150 to 270 kg, depending on temperature and humidity
oclcuri.. dv. th K h f the phosph | conditions.

n tl IS study, the gracd grogvtl éate Oft et_p osfpt ate g atss When the crack reached the required minimum length, the
samples IS measured and modeled as a unction ot temperaturg, 5 \yas raised an additional 10—20 kg and the data collection
and humidity. Evidence for crack tip blunting is discussed. began. Initially the crack grew rapidly and data were taken in

intervals as short as 15 s, noting the crack length to a precision
Il. Experimental Procedure of 10 wm, and also recording the elapsed time. As the crack
growth slowed, the time interval between readings was in-

The glass used in this study (LG-770) is a multicomponent, creased proportionately. For some samples, after the crack
near metaphosphate glass (Q/F38). LG-770 is commercial growth rates had been measured for a given load, the load was
laser glass developed by Schott Glass Technologies, Inc., thatincreased and another set of data was taken on the same
has the following approximate composition (mol%): 58—-62% sample.

P,05, 6-10% ALO; 20-25% KO, and 5-10% MgO. The Figure 2 shows a typical set of results obtained from a single
glass that we used had a doping of abéw 1?° Nd*" ions/ sample that was subjected to two successive loadings. Because
cm?® or about 1.8 mol% NgD,. This glass composition is typi-  of the nature of the DCDC experimental method, successive
cal of commercially available laser glasses used in high-peak- loadings result in overlapping measurements of velociti{yvs
power fusion laser systems (see, for example, Ref. T lfor The data illustrate the excellent agreement between the velocity
this glass, measured at the onset of the DTA peak, was 742 K.measurements M, achieved with this procedure.

The glass samples were fabricated into rectangular pieces For some samples, crack propagation appeared to stop com-
75 mm x 7.5 mm x 6.5 mm and a hole of 1 mm radius was pletely. For these samples, after the crack had been stopped for
core-drilled through each sample at the center of the 75 mm x a period of time (at least 30 min), the load was increased in 10
7.5 mm face of the specimen (Fig. 1(b)). The two sample kg increments until the crack growth started again. Usually the
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sures from 40 Pa (0.3 mmHg) to 4.7 x*1@a (355 mmHg) and
stress intensities in the region between 0.2 to 0.4 WPa

The corresponding range in measured crack velocities varied
from approximately 1® to 10 m/s.

The effect of temperature on crack growth rate for fixed
water vapor pressures of 270 Pa (2 mmHg) and 2.3 %P
(17 mmHg) are shown in Fig. 3. In contrast, Fig. 4 plots the
effect of varying water vapor pressure on crack velocity for
isothermal conditions of 348, 423, and 498 K.

Itis clear from the data in Figs. 3 and 4 that for a fixed stress
intensity, changes in temperature have a far greater effect on
crack growth velocity than do corresponding percent changes
in water vapor pressure. This is expected since the velocity of
crack growth is either reaction rate or diffusion limited, both of
which are thermally activated processes having an exponential
dependence witli 1. Thus, for example, a change in tempera-
ture by 75 K can produce as much as & @ 10* change in
crack velocity. In contrast, the effect of vapor pressure on crack
velocity is more nearly linear, again in agreement with the
commonly accepted chemical-reaction-driven crack growth
models.

Slow crack growth of silicate glasses is generally character-
ized by three distinct regioAd2 (regions |, II, and Ill); these
three regions are also clearly seen in the experimental data on
phosphate glass (Fig. 3(a)). Region | refers to the range of
conditions for which crack growth is reaction-rate limited and
is characterized by an approximately linear increase in the
logarithm of the crack velocity v&,. Region Il refers to the
conditions over which the crack velocity appears to “plateau”
to a constant value with increasiq. In region Il the crack
velocity is mass-transport limited by the rate of diffusion of

Fig. 2. Example of typical crack velocity data for phosphate glass
obtained using the DCDC method and a sample subjected first to 190
and then 230 kg load (23°®,,,, = 2.3 x 1¢ Pa (17 mmHg)).

increase in load needed to restart crack growth was substantial
(>30-50 kg), and in several cases, additional crack growth did
not take place even when the load was raised to the 500 kg limit
of the load cell. For those samples in which additional crack
growth did take place, the crack grew at a rate far too fast to be
observable in the experimental setup and the final length was
too long to be seen through the environmental chamber view-
ing port.

For many samples, the cracks were observed to heal over a
period of several minutes after the load was removed. The
growth rate for reopening a healed crack was measured on one
of these samples using the procedure described above.

The crack growth data were analyzed by plotting the mea-
sured crack velocity vs stress intensity. The stress intensity for
a given crack length is given by Michalslet al® for the
sample geometry employed here:

o\Va

; M
1.595+ 0.3535

K;=

whereK, is the stress intensity (MAa'/?), o is the applied
stress (MPa){ is the crack length (m) measured from the
center of the holea is the hole radius (m), and the numbers are
empirically determined constants. The above equation is valid
in the range of 5 </a < 12. The crack velocity was calculated
by a simple finite difference between successive data points,
i.e.,v = A¢/At whereA{ is the incremental crack length for the
incremental timeAt.

Ill. Results

(1) Dependence on Temperature and Water
Vapor Pressure
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Fig. 3. Crack growth rate measured at various temperatures and con-
stant water vapor pressures of (a) 267 Pa (2 mmHg) and (b) 2.3 x 10

] ) Pa (17 mmHg). The lines are fits to the data using the reaction rate
Slow crack growth experiments were carried out over a model (Eq. (7)) and a single set of parameters. Only those data outside

range of temperatures from 296 to 573 K, water vapor pres- the region of significant crack blunting are fitted with the model.



Vol. 82, No. 11

Anomalously high crack velocities were observed at 296 K
at a pressure of 2.3 x #®a (17 mmHg). This is illustrated in
Fig. 5 which compares measured crack velocities at 296, 348,
and 423 K for a fixed vapor pressure of 2.3 x31Pa (17
mmHg). The high crack velocities at 296 K are actually higher
than those at 348 K contrary to the expected temperature de-
pendence. The 296 K measurements are reproducible. Later we
suggest a possible explanation for this anomalous behavior.

(2) Region of Crack Arrest under Load

With the DCDC crack growth method (see Section 1) the
stress intensity at the crack tip decreases as the crack grows and
moves away from the center hole under a constant applied load.
Thus the crack velocity decelerates several orders of magnitude
during the course of one test. Ordinarily, the crack velocity
continues to decelerate to a low, but still measurable, level.
However, at high temperatures and vapor pressures, crack
growth was observed to slow and then stop abruptly (at least to
within detection limits). Furthermore, when the load was in-
creased to restart the crack growth, it was found that a very
large increase was necessary to re-initiate growth. Once initi-
ated, the new crack grows too rapidly to measure and often
extending beyond the range of view of the cathetometer. For a
typical DCDC measurement, the test load is in the range of 200
kg; however, for two samples, increasing the load to 500 kg
(the limit of the Instron load cell) still was insufficient to restart

In this paper we refer to the failure to initiate slow crack
growth upon application of a higher load as “crack tip blunt-
ing.” Figure 6 shows the regions of temperature and pressure
for this study where this crack blunting phenomenon is ob-
served (defined as no measurable crack growtilB800 s (B0
min)). The dashed line indicates the approximately boundary of
temperature and water vapor pressure conditions above which
restart of crack growth becomes difficult once it has stopped.
Under conditions where crack blunting is observed, the “time-
to-blunt” decreases with increasing temperature and water va-
por pressure. Here we define the time-to-blunt as the time
difference between when crack growth has stopped under one
load to the time when application of a higher load fails to
reinitiate slow crack growth. Note that the observed time de-
pendence associated with onset of blunting suggests that it is a

(3) Crack Healing

In a number of cases we observed that the crack closes to the
point where it becomes visually undetectable a few minutes
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after removing the load. This suggests that the opposing faces

K| (MPasm'?)

Fig. 4. Crack growth rate for various water vapor pressures at con-
stant temperatures: (a) 348, (b) 423, and (c) 498 K. The lines represent
fits to the data using the reaction rate model (Eq. (7)) and the same set
of parameters used in Fig. 3. Only those data outside the region of
significant crack blunting are fitted with the model.

reactants (in this case,B) to the crack tip; the transition from
region | to region Il is clearly shown in Fig. 3(a). Finally,
region lll refers to the conditions where crack velocity be-
comes independent of the chemical environment. Region llI
typically occurs atK, values approaching the fracture tough-
ness limit and is evidenced by an abrupt increase in crack
velocity at the end of region II.

Under isothermal conditions the transition from region Il to
Il in silicate glasses is typically characterized by a rapid co-
alescence of the various growth curves into a single band
of values in which the velocity is solely a function Kf.! In
our study only two of the measurements extended into region

K, (MPasm'?)
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Il (Fig. 3(a)). However, because these measurements Wererig 5. comparison of crack growth velocities measured at 296, 348,
carried out at different temperatures, we do not see the coales-and 423 K and 2.3 x HPa (17 mmHg) water vapor pressure showing

cence of crack growth curves commonly seen under isothermalthe anomalous behavior at 296 K suspected to be the result of capillary

conditions.

condensation. The lines represent model predictions using Eq. (7).
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Fig. 6. Temperature and water vapor pressure regions where crack
blunting is and is not significant; the dashed line is the approximate
boundary between these two regions. In the region above the dashe
line, crack tip blunting significantly influences crack growth whereas
the region below the line shows negligible blunting and is accurately
represented by the slow crack growth model (Eq. (7)). The shaded
region between the two solid lines representsRhg, vs T region of
potential capillary condensation at the crack tip; the upper line is the

water-saturated vapor pressure and the lower line represents the limit

for capillary condensation for a crack tip radius of 1.5 nm.

may have rebonded (i.e., the crack has “healed”). To test this,

a Phosphate Laser Glass 3101

m
v :A(p3> exp(Kb - QI/RT) @
0

wherevy, is the crack velocity in region | (m/sp is the water
vapor pressure (Pak, is the stress intensity (Fa*/?), andR
and T have their usual meanings. We normalized the water
vapor pressure to 1 atm (i.e., 1.013 6 Fa (760 mmHg)); thus
p/p, represents the relative variation in reactant concentration.
The model includes four parameterss—m, b, and Q—that
have various physical meanings in the reaction prod®sss
the activation energy (kJ/mol is the “order” of the reaction
in terms of the water vapor reactant, ah@in/s) can be likened
to the preexponential constant that often appears in reaction
rate expressions. The paramebefm>?/mol) is related to the
activation volume and is discussed in more detail later.

Values for the four model parametess € 2.96 x 1§ m/s,
m = 1.19,b = 0.496 n?*mol, andQ, = 216 kJ/mol) were
determined by a multiple regression analysis of the data taken
in the region where crack blunting effects are negligible (see
Fig. 6). The value ofmwas determined to be 1.19; this is close
to 1.0 and suggests that crack tip bond breaking is governed by
reaction kinetics first-order in $0. Wiederhorn's analysis of

Gthe crack growth in soda—lime silicate glass at moderate to high

vapor pressures (similar to those used here) also shawed

1; however, at lower vapor pressuraesiecreased to a value of
about 0.5 in the soda-lime glass. Sagaal,'® on the other
hand, observedn = 1 by eliminating gases other than water
vapor.

The activation energyQ,, for crack growth in this phosphate
glass is 216 kJ/mol, which is significantly greater than the
value of 109 kJ/mol reported for crack growth in soda-lime
glass in liquid watet8 This partially explains the greater tem-

one such sample was retested in the Instron. The results showperature sensitivity of crack growth in phosphate glass com-

that the healed crack recovered a significant portid0@6) of

the original glass strength, indicating substantial bonding be-
tween the crack faces. Wiederhorn and Towns€rstavrini-

dis and Holloway:® and Michalske and Fullé? observed simi-

lar crack healing behavior for cracks in silicate glasses.

IV. Discussion
As stated above, it is well known that slow crack growth

measurements on silicate glasses show three characteristic re-

gions of crack velocity versus stress intensity and the data
presented here for phosphate glass show similar behavior. Al-
though the exact chemical mechanism of crack propagation is
not completely understood, it is generally accepted that the
crack front movement in regions | and Il involves the transport

of H,O through the crack and the subsequent reaction between

water and the crack tip. Hence it is believed that the rate of
crack growth is governed by a combination of reaction kinetics

and mass transfer. Various models have been developed to

describe crack growth in regions | and Il with the most widely
accepted being that of Weiderhdr#?18In this section Wie-

derhorn’s model is used to analyze the data over the range
conditions for which the model is valid (i.e., no change in crac

tip radius). This analysis leads to two main results. First, a set

of model parameters are derived that accurately predict crack

growth under most experimental conditions. These model pa-
rameters can be used in engineering applications for predicting

break down at high temperature and high water vapor pressur
where crack tip blunting is observed. This suggests a physical
picture of the crack growth in phosphate glass in which crack
propagation competes with crack blunting. This also suggests
avenues of further experimental and modeling work needed to
more accurately describe crack growth in phosphates.

(1) Behavior in Region |

pared to silicates although the exact nature of the rate-
controlling reaction step remains unknown.

Physical insight into the significance of the parametecan
be gained by equating Wiederhorn’s model for crack growth
with a similar equation developed by Hillig and Charles to
describe crack growth at a constant water vapor pres8ife:

A ox (-0 + L) T
oo (00505 ®]

whereA'’ is a preexponential constant (m/8),is the activation
volume (rf/mol), andp is the crack tip radius (m). Equating
the Weiderhorn model (Eq.(2)) with that of Hillig and Charles
(Eg. (3)) shows thab is related to the activation volume and
crack tip radius:

2V,
- 3\/7p

The value ofb = 0.496 n¥?mol was determined by the re-

©)

b

(4)

ofgression analysis. This value is similar to the previously ob-
K tained valueg}! 0.26-0.88, for various different glasses. If we

assume a crack tip radius of 1.5 nm as determined by electron
micrograph for silica glas¥) then one can use Eq. (4) to esti-
mate an activation volume for crack growth of 51.1 x40
m3/mol for this phosphate glass. If we use a crack tip radius of

crack growth in phosphate glass over a broad range of proces®-> "M (characteristic of an atomically sharp crack), the value

conditions. Second, the analysis shows that the model tends td4S
y e29.5 x 10° m¥mol.

ed by Wiederhoret al,?! we get an activation volume of

(2) Behavior in Region Il

As previously stated, the characteristic plateau region where
the crack growth rate becomes nearly independent of the stress
intensity is called region II. This occurs when the crack growth
becomes limited by the rate at which water is transported to the
crack tip! The region Il crack velocities follow an Arrhenius

Wiederhorn’'s model describes the dependence of cracktemperature dependence indicative of a thermally activated
growth on stress intensity, temperature, and water vapor pres-mass transport process. Based on this observation and knowing
sure by the expression the transport rate depends linearly on the water vapor pressure,
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the following expression can be used to model crack velocity coverage £1% of a monolayer) over a range of 273 to 403 K.

(v) in region II: Their data show an exponential decreas&jwith increased
temperature (i.e Doy increases exponentially) with an activa-
— C-B- __Q” tion energy of 29 kJ/mol. This exponential dependence is simi-
v = ex ©)
Po RT lar to what we report here.

. . . L Unfortunately, it is not possible to define the exact mecha-
whereC is a preexponential constant (m/Q), is the activation  pigm that controls the rate of mass transport in these experi-
energy for transport (kJ/mol), and the other terms have beenments. Therefore, to avoid further belaboring the issue, we
defined previously. The values f@ andQ,,, determined from simply conclude that our data show an Arrhenius-type tem-
the present crack growth data, are 8.21 m/s and 26 kJ/mol, perature dependence that is not consistent with either bulk gas
respectively. _ diffusion or molecular flow mechanisms. Surface diffusion is

The mechanism of 50 mass transport to the crack tip has  one possible explanation for this behavior although other
been the subject of previous investigatior8. Wiederhort — mechanisms are also plausible. Nevertheless, Eq. (5), which
assumed BD mass transport to be controlled by gas diffusion ha5 peen empirically derived from our data, can be used to

across a boundary layer at the crack tip in his study of crack accyrately predict region Il crack velocities over the range of
growth in soda—lime glass. He further assumed that the Watertemperature and pressure conditions reported here.

concentration outside the boundary layer remained constant Tphe expressions far andv, (i.e., Egs. (2) and (5)) describe
and was continuously replenished by the bulk flow of the sur- {he crack growth velocity in the limits of regions | and I,
rounding humid inert gas () into the void created by the  egpectively. These two velocities can be combined into a

growing crack. Lawf? later extended Wiederhorn's gas diffu-  gjngle expression describing the composite slow crack growth
sion concept to include Knudsen diffusion (molecular flow) velocity across both regions | and Il.

by arguing that the mean free path between gas molecule
collisions is greater than the assumed crack tip separation of A
0.1 um. Uty )

Bulk gas diffusion and Knudsen diffusion depend on tem- e
perature asT® and T2, respectively. The crack velocity in ~ where the composite crack growth velocity) (s the well-
region Il is mass-transport limited and therefore dependent on known harmonic mean of the crack velocity, in region | (Eq.
the product of the diffusion coefficient and the water vapor (2)) and,v, in region Il (Eq. (5)). LawA? has used a similar
concentration. Assuming the temperature dependence of theapproach for describing the combined crack velocities of re-
water vapor concentration follows the ideal gas |aw?), then gions | and Il. Note that in the limit of region I, Eq. (7) ap-
the crack velocity should show®“2 andT 2 dependence if =~ proachess Ov,, and similarly in region Ilyv Ov;,.
controlled by bulk gas and Knudsen diffusion, respectively. In  The velocities calculated by Eq. (7) are compared to the
contrast, the data from this study show a much steeper tem-experimental data in Figs. 3-5. Good agreement of the model
perature dependence suggesting that for phosphate glasses theith the data were obtained for temperatures and vapor pres-
gas diffusion mechanisms mentioned above are not the rate-sures where crack tip blunting is negligible. In Section 1V(4)
controlling step for mass transport to the crack tip. we discuss the effects of blunting on the model predictions.

One alternative explanation is mass transport by surface . :
diffusion. The rate of surface diffusion is controlled by the (8) Crack _Gthh Enha_nced by Capillary Condensa_tlon
activation energy separating adjacent adsorption sites and, ©One possible explanation for the anomalous behavior of the
therefore, would be expected to follow an Arrhenius-type tem- crack growth at 296 K and 2.3 x 1@a (17 mmHg) is capillary
perature dependence. Morariu and Milihave studied the condensation at the crack tip. Under such conditions the mea-
self-diffusion of adsorbed water on hydrated silica surfaces and Suréd crack growth would tend to approach a growth rate ex-
report an activation energy of about 20—25 kJ/mol for water in Pected in liquid water rather than in water vapor. The possi-
the second statistical monolayer. This is in reasonable agree-Pility of water condensation at the crack tip has been proposed
ment with the activation energy reported here (26 kJ/mol). by others, particularly for conditions in which the relative hu-
Note that energies less than about 40 kd/mol often correspond™idity exceeds 30%.In addition, the presence of any glass
to weak bonds associated with physical absorption on a surface®0rrosion products in the water phase would further reduce the
or hydrogen bonding* equilibrium vapor pressure. _

Although it is tempting to conclude that surface diffusion  Capillary condensation implies a state of localized thermo-
is the controlling mass transport process in this study, there dynamic equilibrium between a liquid and vapor phase. Such
are other plausible mechanisms. For example, bulk gas dif- conditions can exist even at a moving crack front as long as the
fusion that is modified by adsorption on the crack surfice ate of mass transport of water vapor to the crack tip exceeds
may also account for the observed temperature dependence. 1A€ combined rate of crack tip motion and water consumption

such a case, the effective gas diffusion coefficiedy, is associated with bond breaking during fracture growth. Region

expressed &8 | is the region of chemical-kinetic limited growth and therefore
meets this requirement.

Do = DI(1 + KAV) (6) Capillary condensation is described by the well-known

Kelvin equation, which relates the curvature of a surface to the
associated equilibrium vapor pressure. For the present case of
a line crack,

whereK, is an equilibrium constant describing the distribution
of H,O adsorbed on the solid surface vs that in the gas phase
andV (m® and A (m?) represent the crack volume and the
exposed surface area, respectively. According to Eq. (6) the P YM
adsorption of water on the crack surface has the effect of re- 5 = p(m—) ©)
ducing the bulk diffusion rate and th#s is often referred to as s

the retardation factor. In general, the greater the degree ofwherep, is the equilibrium vapor pressure (Pa) above a curved
adsorption of water on the crack surface, the larger the overall liquid surface of radiug (m), molecular weightv (kg/mol),
reduction in the effective gas diffusion rate. Despite this retar- densityd (kg/m?) and having surface tension(J/n?); p. is the

dation effect, the temperature dependenck. pfan caus® equilibrium saturation vapor pressure (Pa) above a flat surface.
to increase with temperature, particularlyKif is an activated The vapor pressure reduction (i.p./ps) for water at a crack
process. tip at 296 K is estimated to be about 0.5 (50% relative humid-

Okamoto and TuZP have used Eq. (6) to model the adsorp- ity). Here we assume a crack tip radius of 1.5 nm as reported
tion of water on soda—lime and borosilicate glasses at very low by Bandoet al1° based on TEM measurements of a crack in
water vapor pressure§.3 x 103 Pa,[110°> mmHg) and low silica glass. The pressure reduction is more than sufficient to
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lead to capillary condensation at the crack tip when using a 1074 T T ] T T T ]
water vapor pressure of 2.3 x3Ba (17 mmHg) at 296 K; the T=498K
saturation pressure at this temperature is 2.8 % R@ (21 b = 0.470 m2/mole
mmHg), givingp/ps of 0.83 (83% relative humidity). It is pos-
sible that this capillary condensation is the cause of the greater
crack growth rate at this temperature.

In Fig. 6 we include the water saturation pressure (i.e., 100%
relative humidity) versus temperature and also the correspond-
ing vapor pressure estimated for the onset of capillary conden-
sation at the crack tip. Our experimental condition of 296 K
and 2.3 x 18 Pa (17 mmHg) falls within these two limits.

Alternately, the anomalous crack growth of the present glass
at low temperature may be due to the nature of the phosphate
glass surface which collects water from the atmosphere. Recent
experiments by one of the authors indicate that the surface of 108 —]
this phosphate glass undergoes unusual reaction with #ater. N T O T T T Ry S

0.20 0.22 0.24 0.26 0.28 0.30
(4) Crack Tip Blunting K, (MPasm'’2)
The difficulty of reinitiating crack growth at high tempera- !
tures and water vapor pressures can be interpreted as an effeqfig. 7. Comparison of crack growth velocities measured at 267 Pa (2

tive increase in the crack tip_radius; in othgr words, th_e tip mmHg) and 4.7 x 10Pa (355 mmHg) and at 498 K. The solid lines
becomes blunt. As noted earlier, an alternative explanation of represent the predicted behavior using Eq. (7)ard0.496 n¥'2mol.

residual stress release was suggéstedthe similar strength  The dashed line also uses Eq. (7) bus reduced to 0.470 &/mol to
increase. But in the present experiment no residual stress isfit the data.

involved. We use this crack tip blunting, i.e., change of crack

tip radius, without change of crack length to analyze the results

from our experiments. . mol as determined from measurements made where there is no
The approximate temperature and pressure conditions wheremeasurable blunting (see Fig. 6). As expected the model does
crack blunting becomes significant are shown in Fig. 6; the not accurately predict the behavior at 498 K and 4.7 %R&
dashed line roughly separates the regions of significant vs neg-(355 mmHg) (i.e., the blunting region) but is in good agree-
ligible blunting. These data are for a holding time[df800 s ment at 270 Pa (2 mmHg) (i.e., the nonblunting region} i
(CBO min); the line would be shifted lower for longer holding  requced to 0.470 A#mol, then Eq. (2) accurately fits the data
times. In view of the large viscosity-reduction effect of waterin 5t 4.7 x 16 Pa (355 mmHg). This change represents an in-
glass, it is plausible that the blunting mechanism is glass Vvis- crease in the effective crack radius by about 11%. Similar fits
cous flow promoted by water entry into the glass from the {5 other crack velocity data taken in the blunting region all
atmosphere. . . show an increase in the effective crack tip radius ranging from
As noted above, we make the assumption that crack tip ahout 6% to 15%. Note that the magnitude of the change in the
blunting is due to an effective change in radius of the crack tip. crack tip radius observed under dynamic conditions is far less
Therefore, we can estimate the relative change in the crack tipthan that observed when the crack is stopped. This is not un-
radius due to blunting from the relative increase in load needed expected because under dynamic conditions the rate of crack

107° —

Crack velocity (m/sec)
%
f

v 270 Pa (2-mm Hg) ]
4 4.7 x 10% Pa (355-mm Hg)

to restart crack growth: blunting is always competing with crack propagation. Never-
) theless, as this analysis showed, even very minor changes in the

Po _ <°_b> © effective crack tip radius produce a significant change in the
po \0g rate of crack growth because of the exponential dependence of

L i . crack velocity onp ™2 (see Eqg. (3)). It has been suggested
where p, and p, are the initial and blunted crack tip radii,  that the static fatigue limit often observed in soda-lime glasses
respectively, and, andoy, are the corresponding preblunting  represents the condition where the rate of blunting balances the
and postblunting loads (Pa). In some cases we found that therate of crack growth. This reasoning leads to the logical exten-
load needed to reinitiate crack growth was as much as 2 to 3sjon that the highest static fatigue limit is expected under con-
times the initial load, suggesting that during blunting the ef- {itions for the greatest rate of blunting.
fective crack tip radius increased by as much as 4 to 9 times.  One could also argue that the activation enef@y(see Eq.
This large increase in load necessary to reinitiate a sharp crack(3)), is changing in the blunting region, not the crack tip radius.
also explains why it then grows so quickly. The stress intensity Reducing the activation energy by the same relative amount as
at this new sharp crack tip would likely exce&gl and thus  was done fob, would achieve the same quality of fit to the data
rapid crack growth would be expected. shown in Fig. 7. However, this alternate explanation requires

It is clear from the observed temporal dependence of the that a change in crack tip radius occurs only when crack propa-
blunting process that some small change in the effective crackgation stops completely.
tip radius may occur even during crack propagation. This could = Crack blunting involving mass transport to the crack tip
explain why the standard crack growth model (Eq. (2)) fails to could occur by evaporation and condensation, surface diffu-
accurately predict crack propagation in the region where blunt- sjon, bulk diffusion, and/or viscous flow. In the case of mass
ing was observed (Fig. 6). To test this hypothesis we used Eq.transport by viscous flow, the range of change of the radius of
(2) and the previously determined valuesfofQ, andm to fit the crack tip is inversely proportional to the viscosity of the
the crack velocity data in the region where the blunting was glass in that region. In view of the large viscosity-reduction
observed; however, we useds an adjustable parameter. Re-  effect of water in glass, it is likely that the operating blunting
call thatb is related to the square root of the crack tip radius mechanism is the viscous flow promoted by water entry into
(Eq. (4)). Therefore, under the assumption that the activation the glass from the atmosphere. A more detailed study of the

volume {/,) for the crack growth process is independent of kinetics and mechanism of crack blunting is currently under
crack tip radius, then any changebrreflects a corresponding  way.

change in the crack tip radius. Figure 7 shows the results -

of such an analysis using the crack velocity data measured at(5) Slow Crack Growth In Phosphate vs Silicate Glass

4.7 x 10 Pa (355 mmHg) and 498 K. The solid lines represent  Figure 8 compares our measured slow crack growth rates in
the model predictions using Eq. (2) and with= 0.496 n¥?/ a phosphate glass at 296 K aniti0% relative humidity with



Vol. 82, No. 11

developed which can be used by glass process engineers to
accurately predict the rate of slow crack growth in phosphate
laser glasses over a wide range of operating environmental
conditions. Blunting is interpreted as an increase in the effec-
tive radius of curvature of the crack tip. Our results suggest that
under dynamic conditions, the effective crack tip radius may
increase by about 10%. Under static conditions (growth arrest),
the crack tip radius increases by about 4 to 9 times. Anomalous
crack growth near the point of water saturation at 296 K is
discussed in terms of possible capillary condensation at the
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Fig. 8. Comparison of crack growth velocity measurement for phos-
phate glass (this study) and soda-lime silicate glas296 K and
approximately 267 Pa (2 mmHg) water vapor pressure.

corresponding data for a soda—lime silicate gfassboth cases
the measurements extend over regions |, Il, and IIl.

A number of interesting differences in slow crack growth
behavior of the two glasses are immediately noticeable. First,
and not surprising, the phosphate glass is significantly weake

than the silicate as indicated by the much lower stress intensity

Laboratory under Contract No. W-7405-Eng-48.
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